The LAGO detection network consists of ground-level water-Cherenkov particle detectors (WCDs), spanning over several sites, located at significantly different latitudes and various altitudes -from Mexico to the Patagonia and from mean sea level up to more than 5000 meters of altitude. After the installation of new detectors at the Antarctica Peninsula , LAGO will cover a large range of geomagnetic rigidity cutoffs and atmospheric absorption/depths [I. Sidelnik for the LAGO Collaboration, 2015] . The current/planned distribution and status of the LAGO detection network is shown in Figure 1 . This network of detectors is operated by the LAGO Collaboration: a non-centralized and distributed collaborative network of more than 80 scientists from institutions of te Latin American countries (Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, Guatemala, Mexico, Peru and Venezuela) and Spain. The LAGO Collaboration is using WCDs in all sites, due to their proved reliability, high detection, low cost and efficiency of the detection of all components present in atmospheric extensive showers ; I. Sidelnik for the LAGO Collaboration, 2015;
A. Galindo for the LAGO Collaboration, 2015; Dasso et al., 2015] . [Tsyganenko, 2002] to describe the outer GF (r > 5R ⊕ ).
2. The second step of the chain is based on the CORSIKA code [Heck et al., 1998 ]. Extensive air showers produced during the interaction of cosmic rays with the atmosphere are simulated with extreme detail to obtain a very comprehensive set of secondaries at ground level.
3. Finally, a GEANT4 model [Agostinelli et al., 2003 ] of the detector response to the different types of secondary particles is being implemented [Otiniano et al., 2015; Vargas et al., 2015; Calderón et al., 2015] and will be reported in the near future.
The space weather simulation chain
The propagation of charged particle through the GF has been studied since the 60s and was focused on understanding how the penumbra region changes with the geographical position [see e.g. Shea et al., 1965; Carmichael et al., 1969; Smart and Shea, 2012] . In this section we shall discuss our novel approach to understand the penumbra region and our proposal for a new method to calculate the magnetic rigidity as a function of time. We shall also describe in detail how geomagnetic effects on the low energy flux of primaries can be infered from observations of secondary particles at ground level by means of the following procedure:
1. To find a magnetic rigidity function, R m (Lat, Lon, Alt, t, θ, φ), at a particular geographical position -i.e. latitude (Lat), longitude (Lon) and altitude above sea level (Alt)-, time (t) and arrival direction of the particle -i.e. zenithal (θ) and azimuthal (φ) angle; 2. To calculate the flux of primaries at the top of the atmosphere (≈ 112 km a.s.l. (Above Sea Level)), filtered by the magnetic rigidity function R m (Lat, Lon, Alt, t, θ, φ); 3. To estimate the flux of secondaries at ground level produced by the interactions of the impinging GCRs with the atmosphere.
The following subsections will develop all details for the above-mentioned actions.
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Magnetic rigidity as function of time
The direction of the velocity of a GCR (Î = v/| v|) changes along the particle trajectory inside the dynamic GF,B(Lat, Lon, Alt, t), according to the equation
where s is the path length along the particle trajectory and R m = pc/Ze the magnetic rigidity; with p as the particle momentum, c the light speed, Z the atomic number and e the electric charge of the electron. The variation ofÎ is weighted by R m and therefore a GCR is able to arrive at some specific geographical point -under some configuration ofB(Lat, Lon, Alt, t) associated with the trajectory of the particle arriving to a particular position, i.e Latitude (Lat), Longitude (Lon), Altitude (Alt)-if its R m has the right value. Thus, we can write R m as
Following standard definitions [see e.g. Cooke et al., 1991] , particles with allowed R m will reach at certain geographical position, while those with forbidden R m will not. With these considerations, three different ranges of R m can be defined:
• Forbidden range: a continuous range which goes from zero to the first allowed value of R m , say R L ;
• Allowed range: cotaining all the rigidities above a certain R m value, say R U , for which all the rigidities containted in this range are allowed.
• Penumbra range: the range (R L < R m < R U ) connecting the allowed and forbidden ranges.
The penumbra is characterized by a single, effective, rigidity value [Shea et al., 1965; Smart and Shea, 2009] , which is used to establish whether a GCR arrives, or not, at the particular geographical point. This value is called the rigidity cutoff (R C ) and can be defined as
where ∆R k is the resolution of the R m calculation. Strictly speaking, R U and R L depend on time, the arrival direction, the geographical position and the altitude; thus, we should consider that, at a geographical point,
It is important to note that definition (3) has the implicit assumption that all the particle trajectories have the same contribution in the penumbra region, i.e., the flat GCR spectrum approximation, according to [Dorman et al., 2008] . In this approximation, the very complex problem of allowed trajectories in the penumbra region is simply replaced by an effective cutoff, only calculated for vertical primaries. We have refined this approximation by considering the penumbra not as a sharp cutoff, but as a relatively smooth transition between the forbidden and the allowed regions. In our approach, we extend the concept of the effective rigidity cutoff assuming that it can be approximated by a cumulative probability function (CDF).
The next subsection outlines the method we have implemented to calculate R m and to characterize the penumbra region as a cumulative probability function (CPF).
Magnetic Rigidity Calculation
We and G2 [Tsyganenko, 2002] .
These parameters were taken from the Virtual Radiation Belt Observatory [Weigel et al., 2009] 
Interpreting the Penumbra Region
Instead of the standard simplifying assumption for the penumbra region we build a cumulative probability function (CPF), valid from R L to R U , which replaces the usual concept of R C , (defined in equation (3)). We denote this CPF as P (R m (θ)), which represents the prob-abilty of the cosmic ray arriving at some geographical position with zenith angle θ, at time t, with R m ; we take into account the following considerations:
• the backtracking technique performed by MAGCOS is a deterministic method, which implies that it is not possible to calculate a statistical set of R m values for a specific arrival direction, i.e., pair of (θ,φ);
• for each zenith angle we consider 24 uniform ranges in azimuth with an angular amplitude of 15 o each one, i.e. for each zenith angle we have 24 different penumbra regions; and
• for each θ, the associated set of R m in the 24 penumbra regions has a global minimal value (R Lmin hereafter) and a global maximum value (R Umax hereafter).
Accordingly, it is possible to come up with a frequentist approach, assuming a probability function defined as:
where, for each θ, we have averaged over the azimuth angle, φ, within each penumbral range; the fraction of the number (#) of allowed R m values (R m allowed (θ)) over the total number of R m values calculated for the θ's set (R m tot−allowed (θ)).
Equation (5) implies that the domain interval for
Thus, from (5) and (6) we define the cumulative distribution function for a GCR, arriving at the observation point with rigidity R m (θ) as
Notice that equation (7) implies that a GCR with R m > R Umax has a probability of 1 to arrive at the observation point through the zenith angle θ; meanwhile a GCR with R m < R Lmin has 0 probability to arrive at the same point with the same angle.
Currently, the usual R C is interpreted as a unique value in the penumbra region, which separates only two possibilities for an incoming particle with a zenith angle θ: arriving or not arriving. If a charged particle has a R m > R C then it is considered to arrive at the geographical point, in the opposite case, if R m < R C , it does not arrive. With our approach, it is clear that a GCR, with R m and zenith angle θ, can reach at the geographical point if P (R m (θ)) = 1,
-10-whereas with P (R m (θ)) = 0 will not. But, if the R m belongs to the penumbra region, it does not meet any of the above criteria because P (R m (θ)) is between 0 and 1. To set this value of P (R m (θ)) in terms of arriving or not arriving, i.e., 0 or 1, we implement a Metropolis Monte Carlo algorithm as follows: for a P (R m (θ)) value, different from 1 and 0, we calculate a random number: 0 < P temp < 1. Then,
Therefore, we interpret the rigidity cutoff R C as function of the cumulative distribution function, i.e.,
Now, from the dynamic magnetic rigidity definition we perform the same type of calculations but including the time (t) dependence, by evaluating equation (4) for different conditions at particular moments.
After applying the same procedure, we obtained the dynamic rigidity cut-off of a site,
where P (R m (θ), t) represents the cumulative distribution function calculated under GF conditions at the moment t, i.e.
At this point, we shall introduce three types of rigidity cut off labeled by three different indexes i.e, R C → R C(i) :
• i = 0: for the standard definition of rigidity cutoff, i.e. equation (3).
• i = 1: for rigidity cutoff -secular conditions, i.e. typical time scales greater than one year-as a function of the cumulative distribution function, i.e. equation (7) and (8).
• i = 2: for rigidity cutoff -dynamics conditions-as a function of the cumulative distribution function for the UTC time-stamp, i.e. equation (9) and (10).
With these two new types of rigidity cut-off, we shall redefine, in the next sections, several physical parameters associated with R C(i) . 
2005.
In the left plot, we show the standard representation of the penumbra region, i.e. equation (3), where the violet bars represent the intervals for allowed rigidities. The right plot displays our interpretation of the penumbra region averaged for all the azimuth angles, i.e., equations (5) and (7): the cosmic ray probability of reaching Bucaramanga, Colombia with θ = 15
• , on May 13 th of 2005, versus magnetic rigidity Rm.
In the Figure 2 , we show an example of the refinement for the estimation of the magnetic rigidity at Bucaramanga-Colombia, on May 13 th 2005. In the left plot, we display the results of the standard method to calculate the rigidity cutoff (equation (3)). It is clear that even in those "not allowed zones" (between 10.2 GeV and 11.2 GeV) there are several trajectories that could contribute to the flux at the observation point. This could be particularly important when it is needed to determine the background flux at high altitude sites, such as the LAGO site of Mount Chacaltaya at 5250 m a.s.l., or even for the determination of the expected flux of secondaries impacting aircrafts [Pinilla et al., 2015; Asorey et al., 2017] . In the same Figure 2 (right plot), we illustrate our new method, displaying P (R m (θ)) for different magnetic rigidities, considering a primary with θ = 15
• .
With our method in determining the local directional rigidity cutoff, it is possible to refine the calculation of the flux of particles at any observation point while taking into account GF disturbances, either in long time scales (secular conditions) on during short term transient phenomena.
Estimation of the Primary Flux filtered by R C(i)
The second step in our simulation chain is to estimate GCR flux arriving at some geographical point (112 km a.s.l., Lat, Lon) in the area dS, during time dt, in the solid angle -θ is the zenith angle-dΩ = 2π sin(θ)dθ, within the energy interval dE and with minimum allowed primary momentum of
with Z the atomic number. Equation (11) allows us to filter primaries with insufficient R m to arrive at the point (Lat, Lon, Alt).
We estimated the GCR flux, Φ, at an altitude of 112 km a.s.l., in accordance with the Linsley atmospheric model [NOAA, 1976] ; e.g. at this altitude the mass overburden vanishes [Heck et al., 1998 ], and we approximate Φ by a simple power law of the form:
where the spectral index (α(E, Z, A)) can be considered constant with respect the energy, i.e. We calculated Φ using the fact that multiple observations have confirmed that at low energies (E 5.5×10 19 eV) the GCR flux can be considered isotropic [see e.g. Abraham et al., 2007] and, in this case, equation (12) is integrated to obtain the expected number of primaries for every nuclei (Z, A) as:
with E max −E min ≡ ∆E as the energy gap, which, in our case, varies from a few GeV (E min ) up to 10 6 GeV (E max ) [Asorey, H. for The Pierre Auger Collaboration, 2011]. It is clear that the first factor depends only on the zenith angle θ, and so, N (θ) ≡ sin 2 (θ)π∆S∆t. Thus, equation (13) can be expressed as This means that we can identify three different kinds of primary fluxes, one per each different GF conditions R C (i):
• Φ (0) for R C(0) , i.e. p min c = Ze × R C(0) .
• Φ (1) for R C(1) , i.e. p min c = Ze × R C(1) .
•
Thus, the number of particles given by (14) will be susceptible to R m corrections by the modification of the local rigidity cutoff, and it can be re-written as
Here, the subindex i of any quantity denotes the type of effect included.
As value of E max we have used 10 6 GeV, because at these energies the flux is so low that it can not affect the distribution of the secondary background at ground level. It is important to stress that, for a given point, E min(i) depends on the primary Z, theta arrival direction (θ) and time, i.e., E min(i) ≡ E min(i) (Z, θ, t).
When GF corrections are calculated with our method, the new expected primary flux Φ (1)
obtained from equation (15) will depend on the arrival direction of each primary [Dorman et al., 2008] .
Estimation of flux of secondary particles at ground level corrected by the Geomagnetic Field
The following step of the simulation chain is the correction for the effect of the Geomagnetic Field on the flux of secondary particles at ground level. As was mentioned in section 2, one of the main objectives of this simulation chain is to calculate the expected flux of secondaries at the detector level at any site of the LAGO network. Once the primary flux
is calculated, the second step is to determine the interactions of those primaries with the atmosphere. This simulation step is performed with the CORSIKA code [Heck et al., 1998 ] (Currently, CORSIKA v7.3500, compiled using the following options: QGSJET-II-04 [Ostapchenko, 2011] GeV for e ± , π 0 and γ) to get the most comprehensive distribution of secondaries at each site. In this work, the atmosphere at each site was simulated by using profiles of the applicable MODTRAN atmospheric model [Kneizys et al., 1996] In the Science Gateway approach a user can seamlessly run a code on different infrastructures by accessing a unique web-based entry point with an identity provision. Users only have to upload the input data or invoke a PID (persistent identifier or reference to a digital set of files) and click on the run icon. The final result will be retrieved whenever the job has ended.
The underlying infrastructure is absolutely transparent to the user and the system decides on which sites and computing platform the code will be compiled and run [Rodriguez-Pascual et al., 2015; Asorey et al., 2016] .
To deal with the computational complexity introduced by the refinement described in the previous subsection, we built a library for each site containing the simulated particles start--15-ing from a very low momentum primary threshold of ∼ (350×Z) MeV/c (i.e. 1 GeV of total energy for protons). Each secondary impinging the detector is tagged with information from its parent primary particle, which allows the calculation of its magnetic rigidity R m . Then, because each secondary at the ground comes from some primary impinging at the atmosphere, from the R C(i) obtained for each condition according to equations (11) and (15), we are able to determine if each secondary would reach the detector under that particular GF condition.
4 Results for the LAGO sites of Bucaramanga, Colombia and San Carlos de Bariloche, Argentina
Magnetic Rigidity
As we mentioned before, we applied our simulation chain to the location of two LAGO sites: Bucaramanga, Colombia (BGA) and San Carlos de Bariloche, Argentina (BRC). Results for the standard rigidity cutoff calculation, R C(0) , are displayed in Figure 3 for each site. As expected, there is a strong dependence between R C(0) and the arrival directions at both cities, which induces a noticeable decrease in the number of GCRs producing secondary particles at ground level. For Bucaramanga, it is interesting to mention the oddity of the behavior of the rigidity cutoff for large azimuthal (250 The cumulative probability distributions (7), as functions of the magnetic rigidity for various zenith angles, are displayed in Figure 4 . There, lower magnetic rigidities are associated with particle trajectories having small zenith angles. Notice that both plots are qualitatively different and this probably is evidence of the complexity of the GF present at the two very distinct latitudes. 
Primary Flux Corrected by GF
As was explained in section 3.1.2, once the penumbral CDFs is obtained, it is possible to refine the calculation of the expected primary flux Φ (i) and the corresponding flux of background secondaries Ξ (i) at ground level. In Figure 5 the GCR flux Φ (0) and Φ (1) are displayed for both LAGO sites: BGA and BRC. Only those primaries producing secondaries at ground level are shown. In both cases, the influence of the GF corrections is only significant at lower energies, ∼ 15 GeV. As expected, instead of a sharp cutoff as in the standard case, a smooth cutoff is observed, corresponding to the different rigidities cutoff in the different regimes, and the flux of primaries is affected according with figure 4, i.e., a bigger effect for BGA (rigidity up to ∼ 50 GV) than BRC (rigidity up to ∼ 30 GV).
The primary flux interacts with the atmosphere and produces the secondary flux Ξ (i) at the ground level. These interactions were simulated by CORSIKA obtaining a very comprehensive distribution of particles at the detector level. To estimate the response of the WCD to each type of secondary particle, this flux is analyzed using a detailed Geant4 simulation of the LAGO detector will be described and the first preliminary results were showed by Otiniano et al. [2015] . Figure 6 displays the simulated spectra of secondaries Ξ (1) (under secular conditions) at both cities. A noticeable peak for the distribution of secondary neutrons and protons are evident at both sites. At these low altitudes, a muon hump is also visible in the distribution spectra, and this is typically used as a calibration point for WCD [see e.g. Etchegoyen et al., 2005;  H. Asorey for the LAGO Collaboration, 2013] . By defining the flux percentage difference, ∆Ξ i−j , it is possible to get a better understanding of the energy range where the geomagnetic corrections are more important, specially when dynamic variations are considered. Thus
Secondary Flux Corrected by GF
where i, j are the indices corresponding to the configuration of the GF introduced in the section 3.1.2. To evaluate the impact of this new method, the differences between cases (0) (standard calculation) and (1) (new method), as a function of the secondary particles momentum, are illustrated in Figure 7 . The presence of a peak at ∼ 500 MeV/c is evident for both sites in the ∆Ξ 0−1 distribution, located between 100 MeV/c and ∼ 3 GeV/c. For lower energies, the difference is a bit larger at BGA than at BRC, as we expected after figure 3. When we explored in more detail the particle component of the secondaries at these momenta, we found that these differences are dominated by secondary neutrons [Suárez-Durán, 2015] , where the diminution is of the order of 35%. This result, in our simulation, agree with the fact that vari- (3)) and for rigidity cutoff secular conditions (equation (8) As reference, the R C(0) for BGA is 11 GV and for BRC is 8.1 GV. Both NM show a decrease between 300 and 400 in elapsed UTC time, that is in coincidence with our simulation results.
Because we have simulated the effect of the GF under GCR flux, i.e., we do not simulate solar particle events, it is possible, with our approach, to estimate the contribution of the GF topology to a Forbush decrease event. 
Final remarks
In this paper, we have presented the LAGO space weather chain of simulations devised to obtain precise calculations of secondary particle flux at ground level that can be used at ev- While our calculation relies on the isotropy of the GCR flux, it is important to note that during certain FDs, small anisotropies in the flux of primaries could be induced by the configuration of the incoming magnetic cloud and the disturbances of the geomagnetic field during these particular events. Actually a ∼ 1% anisotropy in the flux of secondary muons was observed at ground level during the Forubush decrease of December 13, 2006 [Kane, 2006; Fushishita et al., 2010] . However, since our WCD are not sensitive to the arrival direction of secondary particles, we will not be able to detect such small effect while the total flux of secondaries remains constant.
Several dedicated clusters and a Grid-based implementation have been deployed for these calculations. A dedicated Virtual Organization, lagoproject, part of the European Grid Infrastructure (EGI, http://www.egi.eu) activities has been created, and available tools for Grid have been adapted and implemented to run CORSIKA in a absolutely transparent way to the user.
The standard definition of the penumbra region for magnetic rigidities generates a complex structure of particle trajectories: permitted, prohibited and quasi-trapped orbits, which does not allow to derive all values for the R m [Smart et al., 2006] . Currently, calculations of rigidity cutoff tend not to consider the effects involved in the penumbra, and always use a single effective value (equation (3)) to account and characterize all the complexity of involved effects [Smart and Shea, 2009] . In this paper the concept of rigidity cutoff R C has been gener-alized as a time dependent function of the cumulative probability distribution (see equation (10)). With this refinement, at the penumbra region, we can obtain a non-vanishing probability to have an incoming particle (with a zenithal angle θ) contributing to the flux of primaries at the observation point.
Combining the data measured at different locations of the LAGO detection network, with those obtained from the detailed simulation performed by this space weather chain, we are now capable of providing a better understanding of the temporal evolution and of the small and large scales disturbances of the space weather phenomena.
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